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Far-ultraviolet (FUV) scintillation signals have been measured in heavy noble gases (argon, krypton, xenon)
following boron-neutron capture (10B(n,α)7Li) in 10B thin films. The observed scintillation yields are com-
parable to the yields from some liquid and solid neutron scintillators. At noble gas pressures of 107 kPa, the
number of photons produced per neutron absorbed following irradiation of a 1200 nm thick 10B film was 14,000
for xenon, 11,000 for krypton, and 6000 for argon. The absolute scintillation yields from the experimental
configuration were calculated using data from (1) experimental irradiations, (2) thin-film characterizations,
(3) photomultiplier tube calibrations, and (4) photon collection modeling. Both the boron films and the
photomultiplier tube were characterized at the National Institute of Standards and Technology. Monte Carlo
modeling of the reaction cell provided estimates of the photon collection efficiency and the transport behavior
of 10B(n,α)7Li reaction products escaping the thin films. Scintillation yields increased with gas pressure due
to increased ionization and excitation densities of the gases from the 10B(n,α)7Li reaction products, increased
frequency of three-body, excimer-forming collisions, and reduced photon emission volumes (i.e., larger solid
angle) at higher pressures. Yields decreased for thicker 10B thin films due to higher average energy loss of the
10B(n,α)7Li reaction products escaping the films. The relative standard uncertainties in the measurements
were determined to lie between 14 % and 16 %. The observed scintillation signal demonstrates that noble
gas excimer scintillation is promising for use in practical neutron detectors.
I. INTRODUCTION
Neutron detection is essential to homeland security,
nuclear reactor instrumentation, neutron diffraction sci-
ence, oil well logging, particle physics, radiation safety,
and many other technical and commercial activities.
The current shortage of 3He, the neutron absorber used
in most gas-filled proportional counters, has created a
strong incentive to develop new methods of neutron de-
tection. Excimer-based neutron detection (END) pro-
vides an alternative with many attractive properties, in-
cluding highly efficient signal, fast response time, immu-
nity to radiation damage, unrestricted geometry, moder-
ate gas pressure, low voltage operation, durability, and
low cost of available components (e.g., no 3He).
END relies on the same conversion mechanism as most
traditional thermal neutron detectors. A neutron, when
absorbed by specific nuclides (e.g., 3He, 6Li, 10B), precip-
itates an exothermic reaction, and the energetic charged-
particle reaction products deposit their kinetic energy
within a detection medium through ionization and elec-
tronic excitation. By surrounding or mixing the neutron-
absorbing target with a noble gas, the charged-particle
reaction products induce the formation of noble gas ex-
cimers (NGEs) as they dissipate kinetic energy. NGEs
are loosely bound, diatomic molecules that exist only in
an excited electronic state (e.g., Ar∗2). NGEs are short-
lived and decay by emitting far-ultraviolet (FUV) pho-
tons. This mechanism of photon emission, referred to as
excimer scintillation, provides a unique method for de-
tecting neutrons. Ar, Kr, and Xe produce excimers with
wavelengths between 105 nm and 190 nm1,2, as shown
in the emission spectra in Figure 1. A combination of
featureslarge light output, fast decay, transparency to ex-
cimer radiation, unique decay structure, and immunity to
radiation damagemake noble gases particularly suitable
as radiation detection media3.
The spectrum of the simplest excimer, He∗2, was first
analyzed by Hopfield4, and the electronic structure was
inferred from the positions and intensities of the emis-
sion lines. The molecular constants for the lowest ex-
cited singlet and triplet states are given in Herzberg5.
The excimers of Ne, Ar, Kr, and Xe were investi-
gated by Tanaka et al.6,7, and later implemented in
FUV radiation sources1,8. The use of NGE scintilla-
tion in particle detection began in the 1950s and ex-
tended into the 1980s with measurements of energy res-
olution and gamma sensitivity3,9–13. The mechanisms
of excimer formation and decay have been investigated
both experimentally2,14,15 and theoretically16–18. Re-
cently, liquid noble gas detectors have played a significant
role in efforts to detect the neutrino mass and magnetic
moment, and dark matter candidates, such as weakly in-
teracting massive particles19. Few sources provide data
on the absolute scintillation yields of gas-phase noble gas
scintillators20–22, and the data from these sources are in-
consistent. For this study, we constructed an appara-
tus with a well-defined geometry and carefully charac-
terized the experimental parameters. Those parameters
not readily accessible to experimental measurement were
modeled with standard numerical techniques.
In a previous publication, we reported on interactions
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of cold neutrons with mixtures of 3He and heavy noble
gases23. Using CaF2, sapphire, and fused silica spec-
tral filters the resulting radiation was identified as NGE
emissions. In that experiment, thousands of scintillation
photons per neutron absorbed were observed. Due to the
growing scarcity of 3He, similar results were sought using
other neutron absorbing targets in the presence of heavy
noble gases.
FIG. 1. FUV emission spectra of Ar, Kr, and Xe (left to
right) excimers produced by thyratron modulator excitation.
Redrawn from1. Peak intensities have been normalized to
unity.
Here, we present data on NGE scintillation following
the boron-neutron capture reaction (10B(n,α)7Li) in 10B
thin films. Properties of the 10B films, the thermal neu-
tron beam, and the photon detector package were charac-
terized to derive the number of NGE photons per neutron
absorbed. Additionally, Monte Carlo modeling was used
to calculate charged-particle energy transfer and photon
emission under the experimental conditions. Based on
the experiments and modeling, we have determined the
absolute number of NGE photons produced following the
10B(n,α)7Li reaction for a range of noble gas pressures
and 10B film thicknesses.
II. EXPERIMENT
A. Reaction cell
The reaction cell for the production and detection of
excimer radiation consisted of a 70 mm stainless steel
cube with metal-seal flange ports on all sides, attached
to an FUV-sensitive photomultiplier tube (PMT). Sil-
ica entrance and exit windows allowed the neutron beam
to pass through the cell without significant attenuation.
Within the cell, a high-purity noble gas environment sur-
rounded a 10B thin-film target held in place by a slotted
aluminum cylinder beneath the PMT. The cylinder was
coated with black copper oxide to reduce reflections of
FUV photons. This arrangement provided a well-defined
geometry for modeling the photon collection efficiency.
A diagram of the apparatus appears in Figure 2.
The gas-handling system connected to the reaction cell
consisted of a turbomolecular pump, noble gas cylinders,
a cold cathode vacuum gauge, a digital pressure gauge,
a residual gas analyzer, a gas filter, a metering valve,
and a series of bellows-sealed valves. The components
were connected to a stainless steel manifold with welded
or metal gasket fittings. Both the Kr and Xe were re-
search grade (99.999 % purity), while the Ar was ultra-
high grade (99.9995 % purity). The gases were passed
from the manifold into the reaction cell through the fil-
ter, which removed H2O, O2, CO, and CO2 to< 1×10−10
%. The filter also removed acids, organics, and refractory
compounds to < 1×10−10 %, and bases to < 5×10−7 %.
Before introducing inert gas into the reaction cell, the cell
was baked at 100 ◦C overnight. The base pressure in the
cell was typically 7 × 10−5 Pa. Upon filling, the digital
pressure gauge was used to determine the pressure in the
reaction cell with a relative standard uncertainty of ±0.1
% of full scale (206 kPa) due to non-linearity, hysteresis,
and repeatability of the gauge.
FIG. 2. A diagram of the reaction cell and PMT configura-
tion.
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FIG. 3. SEM images of a boron thin film target, showing both the surface of the film at 1000× magnification (right) and a
cross section of the film, adhesion layer, and substrate at 10,000× magnification (left).
B. 10B thin films
10B has an isotopic abundance of 19.9 %, and a thermal
neutron absorption cross section of (3842 ± 8) b24. For
nearly all thermal neutron absorptions, 10B undergoes
an exothermic neutron-capture reaction, resulting in the
emission of an α-particle and a 7Li ion. The combined
energy of these products is either 2.79 MeV or 2.31 MeV
(with branching ratios of 6 % and 94 %, respectively)
depending on the final state of the 7Li nucleus.
10B thin-film targets were fabricated at the National
Institute of Standards and Technology (NIST) Center for
Nanoscale Science and Technology (CNST) by physical
vapor deposition in an electron beam evaporator. The
deposition source material was isotopically enriched in
10B to 92 %. The substrates were silicon wafer pieces,
25.4 mm × 25.4 mm × 0.525 mm. To increase adhesion
and reduce film stress, thin layers of titanium and chemi-
cally deposited natural boron were added to the surfaces
of the silicon wafers before depositing 10B. Films were
fabricated at nominal thicknesses of (300, 600, 900, and
1200) nm.
Several characterizations of the boron thin-film tar-
gets were performed to determine their neutron absorb-
ing properties (content, thickness, density) and the sta-
bility of those properties over the course of the scin-
tillation measurements. These characterizations in-
cluded scanning electron microscopy, x-ray photoelectron
spectroscopy, neutron imaging, profilometry, and x-ray
diffraction. Scanning electron microscope images of a
600 nm 10B film appear in Figure 3. During the exper-
iments, contamination of the 10B thin films from expo-
sure to air was of particular concern. X-ray photoelec-
tron spectroscopy scans of samples exposed to air for up
to 3.5 months demonstrated no evidence of boron oxide
formation within 5 nm to 10 nm of the film surface.
Areal densities of the 10B thin films were measured at
the Neutron Imaging Facility (NIF) at the NIST Cen-
ter for Neutron Research (NCNR). This facility uses an
intense, collimated beam of thermal neutrons to obtain
radiograph images of neutron absorbing samples27. The
areal densities were used to calculate the rate of neu-
tron capture during the NGE scintillation measurements.
Radiograph images of the various film targets appear in
Figure 4.
C. Photon detector package
The photon detector package atop the reaction cell
consisted of an FUV-sensitive PMT (Hamamatsu R6835
[Certain commercial equipment, instruments, or materi-
als are identified in this paper to foster understanding.
Such identification does not imply recommendation or
endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equip-
ment identified are necessarily the best available for the
purpose.]) with a thin MgF2 entrance window, an in-
termediate evacuated volume, and a second MgF2 win-
dow separating the PMT from the reaction cell. The
efficiency of the photon detector package was calibrated
against an absolutely calibrated silicon photodiode at the
Synchrotron Ultraviolet Radiation Facility (SURF III) at
NIST. The continuous distribution of radiant power in
the spectral region of interest (130 nm to 210 nm) from
SURF III is well suited for radiometric calibrations26.
The efficiency of the photon detector package over this
region appears in Figure 5.
The spatial response of the photon detector package
was also measured at SURF III. The response was uni-
form (within 3 % of the mean) over an 18 mm diameter,
with a diminishing response from 18 mm to the 23 mm
outer diameter of the photocathode. We attribute the di-
minishing response to irregularities in the MgF2 windows
and reduced detection efficiency for photons striking the
periphery of the photocathode. A color map of the spa-
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FIG. 4. Thermal-neutron images of the 10B thin films, as measured at the NCNR NIF. Nominal film thicknesses: 300 nm
(top left), 600 nm (top right), 900 nm (bottom left), 1200 nm (bottom right). The color scale (far right) represents fractional
neutron absorption between 0 % and 10 %.
tial response appears in Figure 6. The spatial response
was incorporated into the Monte Carlo model of photon
collection.
During the NGE measurements, the PMT was oper-
ated at -2300 V, corresponding to a nominal gain of
3 × 105. Pulses from the PMT were amplified by a
fast preamplifer with a gain of 200 and a rise time of
≤ 1 ns. The amplified pulses were divided in two with
a power splitter. One splitter output was sent to a
counter/timer and the other to a multichannel analyzer
(MCA). The MCA was used to obtain pulse-charge dis-
tributions (PCDs). These PCDs confirmed that multi-
photoelectron pulses were not contributing significantly
to the number of pulses counted by the counter/timer.
The MCA was operated with a 20 ns integration time and
a channel resolution of 0.25 pC over 1024 channels. Be-
cause the digitization time of the MCA was long with re-
spect to the typical decay time of each scintillation event,
not every pulse from the PMT was collected by the MCA.
Nevertheless, the resulting PCDs were assumed to be rep-
resentative of the true distributions. The counter/timer
with a maximum count rate of 100 MHz and a pulse-pair
resolution of < 10 ns recorded the true number of PMT
pulses. A block diagram of the electronics appears in
Figure 7.
D. Neutron beam
The Maryland University Training Reactor (MUTR)
provided a source of thermal neutrons for the NGE scin-
tillation experiments. The MUTR is a TRIGA reactor
with a peak power of 250 kW. The MUTR thermal col-
umn consists of 1.5 m of graphite adjacent to the core and
a custom insert to produce a collimated thermal neutron
beam with a diameter of 50 mm.
Beyond the collimator, in front of the reaction cell, a
borated aluminum aperture reduced the neutron beam
to a 4 mm diameter. The neutron fluence behind this
aperture was monitored with a NIST-calibrated fission
chamber throughout the experimental irradiations. The
fission chamber was specifically designed as a beam mon-
itor, allowing more than 99.9 % of thermal neutrons to
pass through to the reaction cell unattenuated. Back-
grounds were measured with a beam block of 6Li glass
positioned between the fission chamber and the reaction
cell. This beam block absorbed nearly all thermal neu-
trons without attenuating gamma radiation incident on
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FIG. 5. The intrinsic efficiency of the photon detector package
over the FUV region, as calibrated at SURF III. Datasets rep-
resent calibrations recorded at three distinct synchrotron elec-
tron beam currents. Cubic spline fits appear for each dataset.
Error bars represent combined uncertainties from statistical
uncertainties and uncertainties in the linear fits of photon flux
vs. electron beam current.
the cell. In this way, the gamma-ray and dark-current
contributions to the PMT signal were measured. A dia-
gram of the neutron beam setup appears in Figure 8.
III. MODEL CALCULATIONS
Monte Carlo techniques were employed to calculate
both charged-particle transport from the 10B(n,α)7Li re-
action and FUV photon emission within the reaction cell.
The results of these calculations were used to determine
the spatial distribution of charged particles escaping the
boron films and the photon collection efficiency of the
experimental apparatus.
The number of photons incident on the PMT depended
upon the number of photons produced in the reaction
cell, the spatial distribution of those emissions, the prob-
ability with which the photons were reflected from ad-
jacent surfaces, and the type of reflection they under-
went (i.e., specular or diffuse). Some photons intersected
the PMT directly; others were reflected into the PMT
from the surfaces surrounding the reaction volume; and
a large majority were absorbed by the interior surfaces
of the cylinder surrounding the 10B film without reach-
ing the detector. The simplest model for the calculation
of detector collection efficiency,  assumes that all of the
photons were emitted isotropically from a point source
at the center of the 10B film surface, where
 =
Ω
4pi
=
1
2
(
1− d√
d2 + a2
)
, (1)
FIG. 6. The spatial response of photon detector package as
measured at SURF III at 170 nm. Measurements were limited
to approximately half of the detector area due to constraints
of the experimental setup. The color scale represents photon
counts over a 2 s interval, at a synchrotron electron beam
current of 10 µA. The boundaries of the tally regions used in
the photon collection model appear as white semicircles with
radii of 9 mm and 11.5 mm.
Ω is the solid angle subtended by the detector, d is the
distance from the source to the detector photocathode
(85.8 mm), and a is the radius of the detector photo-
cathode (11.5 mm). This approximation gives a collec-
tion efficiency of 0.443 %. However, the approximation
does not account for the reflectivities of the surfaces sur-
rounding the reaction volume, the extended volume over
which photon emission occurs, or variations in the spatial
response of the PMT.
A Monte Carlo routine was developed to incorporate
the extended photon emission volume, the geometry of
the reaction volume, the reflectivities of the various sur-
faces, and the measured position-dependent sensitivity
of the PMT photocathode. The model geometry appears
in Figure 9. For each photon, an emission position was
generated from a uniform and random distribution over
the volume of a hemisphere tilted at 45◦ with respect
to the detector plane. A direction for the photon path
was then calculated from a uniform random distribution.
Subsequently, the intersection of the path with one of the
three surrounding surfaces (i.e., 10B film, black copper-
oxide cylinder, and detector face) determined whether
the photon was collected, reflected, or absorbed.
Photons striking the 10B surface were specularly re-
flected with a reflection coefficient of 0.35, derived from
measurements in27. Photons striking the copper-oxide
cylinder were diffusely reflected with a probability of
0.01, derived from measurements in28. The final tally
was weighted according to the data in Figure 6: photons
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FIG. 7. A block diagram of the photon counting electronics. HVPS: high voltage power supply, MCA: multichannel analyzer.
striking the uniform detector region were given a score
of 1, and photons striking the outer region were given a
score of 0.57. From 107 particle histories, the collection
efficiency, Ω, was determined to be (0.512 ± 0.050) %.
The statistical uncertainty in Ω was determined by cal-
culating the standard deviation of 10 runs of 106 histories
each. The total uncertainty includes both the statistical
uncertainty and systematic uncertainties in the model in-
puts (e.g., geometry, reflectivities).
The radius of the hemispherical photon emission vol-
ume in the photon collection model was approximated
through modeling noble gas ionization density follow-
ing the 10B(n,α)7Li reaction with the radiation transport
code, TRIM29. The TRIM input files specified the thick-
nesses of the boron films and the noble gas pressures,
as well as the emission positions, directions, and starting
energies of the 10B(n,α)7Li reaction products. The start-
ing positions of the reaction products within the 10B film
were sampled using an inverse transform for the depth
profile and the neutron beam width.
Ionization density distributions from 10B(n,α)7Li in a
300 nm 10B film under various pressures of Kr appear in
Figure 10. The plots show the two-dimensional shape (x-
y plane) and the ionization density (z axis) of the volume
in which the charged particles deposited their energy.
Contours are drawn at increments of 3× 10−6 eV/A˚ per
ion. Based on the results of these simulations, a radius
of 10 mm was chosen for the hemispherical photon emis-
sion volume in the photon collection model. However, as
shown in Figure 10, the size of the emission volume was
pressure dependent and the shape was non-uniform.
In summary, the photon collection model assumed the
following: (1) a hemispherical excimer photon emission
volume, (2) a uniform, pressure-independent distribution
of NGE emissions within the volume, (3) accurate values
of the reflectivities of boron and copper black, (4) negli-
gible contributions of secondary and tertiary reflections,
and (5) the absence of refraction by the MgF2 windows.
IV. RESULTS AND DISCUSSION
A. Photon detector package efficiency
The photon detector package (i.e., MgF2 windows,
evacuated volume, and PMT) was calibrated as a unit
at SURF III, beamline 4 (BL-4). The efficiency measure-
ments accounted for absorption by the external and PMT
MgF2 windows, the quantum efficiency of the PMT, and
the thresholds of the counting electronics. A silicon pho-
todiode that was previously calibrated against a cryo-
genic radiometer30,31 was used to obtain the absolute re-
sponse of the photon detector package. The calibration
covered the FUV region common to the NGE spectra,
between 130 nm and 210 nm. The PMT was operated
in the pulse counting mode with electronics identical to
those used in the scintillation yield measurements.
The detector calibration was performed in several
stages due to the large difference in sensitivity of the
photodiode and the PMT. The incident photon flux was
measured with the photodiode over the wavelength range
130 nm to 210 nm in 5 nm increments, at electron beam
currents of approximately (50, 40, 30, 20, and 10) mA.
These measurements were used to determine a linear re-
lationship between electron beam current in the SURF
storage ring and photon flux in the detector position, at
each discrete wavelength.
Following these measurements, the SURF electron
beam current was reduced to (10, 5, and 1) µA. At
these lower beam currents, the photon flux was within
the operating range of the PMT. Spectral scans over the
same wavelength region were repeated at these reduced
currents. The intrinsic efficiency of the photon detector
package, i, was determined by dividing the number of
pulses observed from the PMT at each wavelength by
the number of photons incident on the photon detector
package at that wavelength. The results appear as dis-
crete points in Figure 5 for three electron beam currents.
The relative uncertainties in i include both statistical
uncertainties and uncertainties in the linear regressions.
Because NGE emissions occur over broad continua, an
effective photon detection efficiency was determined for
the three noble gases used in the NGE scintillation exper-
iments. The effective efficiency, ˆi, was calculated with a
continuous weighted average, in the form,
ˆi =
∫
i(λ)s(λ)dλ∫
s(λ)dλ
, (2)
where i(λ) is a fit of the discrete values of i, and s(λ)
is the wavelength distribution of the NGE continua ob-
tained by digitizing excimer emission spectra from1. The
values of ˆi for Ar, Kr, and Xe were 1.65 %, 3.14 %, and
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FIG. 8. A diagram of the excimer scintillation experiment. The collimated thermal neutron beam from the MUTR thermal
column propagates from right to left.
2.61 %, respectively. The uncertainties in ˆi were derived
from the average value of the relative uncertainties in i.
B. Areal densities of the 10B thin films
The thermal-neutron absorption properties of the 10B
thin films were measured at the NIF. Thermal neutrons
from the NCNR reactor passed through a cooled, single-
crystal bismuth filter, a series of apertures, and an evac-
uated flight tube before impinging on the samples with a
fluence of 5.31× 106 cm2s−1. The NIF detector consists
of a 6Li conversion layer, a ZnS scintillation layer, and
an x-ray imager made of amorphous silicon.
Each boron film used in the scintillation experiments
was placed in a holder and mounted at the imaging sta-
tion. The neutron beam illuminated each sample, and
the detector collected a series of 1800 images with one-
second exposures. This measurement was repeated to
obtain a flat-field image without a sample or a sample
holder in the beam. All of the images were then cor-
rected for the point spread function (PSF) of the detector
system. The PSF is a systematic additive background at-
tributed to diffuse light in the scintillation screen of the
detector.
The images of each sample were then averaged to form
a single image. By dividing the averaged image of each
boron film by the averaged flat-field image, the fractional
absorption of each sample was determined. The frac-
tional absorption of each pixel, P , in the resulting images
has the form,
P = 1− I
I0
= 1− e−Σx, (3)
where I0 is the intensity of the incident neutron beam, I
is the intensity of the neutron beam after passing through
the sample, Σ is the macroscopic neutron absorption
cross section of the sample, and x is the thickness of the
sample. The value of I/I0 was determined by dividing
each pixel value in the sample image by the correspond-
ing pixel value in the empty flat-field image.
By rearranging Equation 3 to solve for Σx and aver-
aging the values of Σx over the surface of each film, the
areal density of each film, ρA1, was determined with the
equation,
ρA1 =
(Σx)M1
σˆNIFNA
, (4)
where (Σx) is the average value of Σx, σˆNIF is the effec-
tive neutron absorption cross section of 10B in the NIF
neutron beam, M1 is the molar mass of
10B, and NA is
Avogadro’s number. The value of σˆNIF was determined
with a continuous weighted average, in the form,
σˆNIF =
∫
σ1(λ)φ(λ)dλ∫
φ(λ)dλ
, (5)
where σ1(λ) is the wavelength-dependent, microscopic
absorption cross section of 10B, and φ(λ) is the neutron
wavelength distribution of the NIF beam. This neutron
wavelength distribution was previously measured at the
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NIF with a neutron chopper and time-of-flight spectrom-
etry. The thermal neutron absorption cross section of
silicon is small (2.16 b24); thus, the absorption of each
sample was attributed completely to absorption by 10B.
From Equation 4, the resulting areal densities of the 10B
thin films were (73.5, 140, 209, and 260) µg/cm2.
FIG. 9. The geometry of the photon collection model.
A conservative 10 % uncertainty was assigned to the
values of ρA1. This uncertainty arises predominantly
from the uncertainty in σˆNIF. However, the relative root
mean square (RMS) variations in (Σx) were calculated
to be < 2 %. The RMS values were nearly identical for
all of the measured samples, indicating a statistical limit
imposed by counting time or baseline noise of the NIF de-
tector, rather than density variations in the 10B samples.
The RMS values do, however, provide an upper limit for
this density variation.
C. Neutron beam fluence and absorption
The neutron beam from the MUTR thermal column
was characterized to determine the neutron absorption
rate in the 10B films. During the NGE scintillation mea-
surements, a NIST-calibrated 235U fission chamber was
used to continuously monitor the fluence of the thermal-
column neutron beam. By combining these measure-
ments with the areal densities of the 10B thin films, the
neutron absorption rate of the 10B films was determined.
The neutron fluence incident on the boron film, Nb,
was derived from fission chamber measurements, nn, with
the equation,
Nb =
nn
tn
M2ζ
σˆ2ρA2NA
, (6)
where tn is the length of each neutron count period, M2
is the molar mass of 235U, σˆ2 is the effective microscopic
absorption cross section of 235U, ρA2 is the areal density
of the fission chamber deposit ((458.1 ± 2.3) µg/cm2),
and ζ is a self-absorption correction factor (1.038). The
areal density of the fission chamber deposit was previ-
ously measured at NIST. The factor ζ accounts for self-
absorption of fission fragments in the 235U deposit.
The rate at which neutrons were absorbed by the boron
films, Nn, was derived with the equation,
Nn = Nb
σˆ1ρA1NA
M1
µ
√
2, (7)
where σˆ1 is the effective microscopic absorption cross sec-
tion of 10B, and µ is the fraction of the neutron beam
that was not absorbed by material between the fission
chamber and the boron target (0.995). The factor
√
2
was included to account for the 45◦ tilt of the film with
respect to the incident neutron beam.
Due to the need for sufficient counting statistics, neu-
tron count periods often overlapped multiple photon
count periods. To determine a value of nn correspond-
ing to each photon count, a fit was performed on the
neutron count measurements from each day, nˆn. The
standard deviation in the counts from each day provided
the uncertainty in the fitted values.
The remaining unknowns in Equations 6 and 7 are the
effective microscopic cross sections, σˆ1 and σˆ2. Equation
5 describes an effective microscopic cross section, and this
equation may be rewritten in the form,
σˆ =
∫
σ(v)n(v)vdv∫
n(v)vdv
, (8)
where σ(v) is the velocity-dependent microscopic cross
section, n(v) is the velocity-dependent neutron popula-
tion, and v is the neutron velocity. In the 1/v absorption
region of σ(v), σ ∝ v−1; therefore, the product σv is a
constant. Accordingly, σv may be pulled out of the inte-
gral and the ratio of two effective cross sections may be
reduced to a constant32. Since 10B and 235U are nearly
ideal 1/v absorbers in the thermal region, this approxi-
mation may be applied to the effective cross sections in
Equation 7, which become the constant, κ. This reduc-
tion holds true as long as contributions from neutrons
outside the 1/v energy region are negligible, which was
previously demonstrated through MCNP modeling of the
MUTR33 and direct measurement34. While κ is not per-
fectly constant below 1 eV, it varies by only 2.6 % be-
tween 0.0125 eV and 0.0375 eV. The value of κ at 0.025
eV (6.57± 0.17) was selected for the yield calculations.
Ultimately, Equation 7 becomes,
Nn =
nˆn
tn
ρA1M2
ρA2M1
κµζ
√
2. (9)
Depending on the 10B film thickness, the average neutron
absorption rate ranged from 90 s−1 to 330 s−1.
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FIG. 10. Ionization density in Kr at various pressures from neutron irradiation of a 300 nm 10B film. Each right-hand, upright
plane represents the surface of the film.
D. Yield calculation, results, and uncertainties
The NGE scintillation yield from the 10B(n,α)7Li reac-
tion was measured as a function of gas type, gas pressure,
and 10B target thickness. The scintillation yield per neu-
tron absorption, Y , was calculated with the equation,
Y =
Nhν
Nn
, (10)
where Nhν is the rate at which excimer photons were
generated in the reaction cell, and Nn is the rate at which
neutrons were absorbed in the boron targets (as shown
in Equation 9). Here,
Nhν =
nhν
Ωˆithν
, (11)
where nhν is the number of signal pulses generated by the
PMT over time thν , Ω is the photon collection efficiency,
and ˆi is the intrinsic efficiency of the photon detector
package.
The number of pulses generated by the PMT, nhν , was
calculated from two consecutive measurements. The first
measurement included both the NGE signal and back-
ground. The second measurement was gathered with
the lithium-glass beam block in front of the reaction cell
and included background contributions from dark cur-
rent, gamma-ray interactions with the PMT and the solid
components of the reaction cell, and gamma-ray interac-
tions with the noble gases in the reaction cell. The first
two background sources produced a baseline count rate
independent of the gas pressure in the cell. The third
source was dependent on noble gas type and pressure.
The final yield measurements account for the statistical
uncertainties in nhν .
Plots of Y appear in Figure 11. The results show yields
of (5200 to 6000) photons per neutron absorption for Ar,
(7500 to 11,000) photons per neutron absorption for Kr,
and (9600 to 14,200) photons per neutron absorption for
Xe at pressures of 107 kPa.
The total uncertainty in Y was calculated by propa-
gating the uncertainties of each of its factors listed in
Table I. The resulting relative standard uncertainties in
Y range between 14.7 % and 15.5 %, and are reflected by
the error bars in Figure 11.
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TABLE I. Values and standard relative uncertainties (δ) of the inputs to the yield calculation.
Quantity Description Value (Unit) δ (%) Source
Nhν
nhν excimer photon counts 1000–80,000 0.5–5 scintillation measurements
ˆi detector efficiency 1.6–3.1 (%) 3.5 detector calibration; excimer spectra
Ω collection efficiency 0.512 (%) 9.7 photon collection modeling
thν photon count time 200 (s) – controlled
Nn
nˆn neutron counts (fitted) 2730–3150 1.6–4.4 fission chamber measurements
κ thermal cross section ratio 6.57 2.6 derived from tabulated values
ρA1 areal density of
10B films 73.5–260 (µg/cm2) 10 neutron imaging
ρA2 areal density of
235U deposit 458.1 (µg/cm2) 0.5 NIST measurement
M1 molar mass of
10B 10.0129 (g/mol) – tabulated
M2 molar mass of
235U 235.0439 (g/mol) – tabulated
µ transmission fraction 0.995 – transmission calculation
ζ self-absorption factor 1.038 – previous NIST calculation
tn neutron count time 1200 (s) – controlled
V. ANALYSIS
In the experiments described above, the 10B(n,α)7Li
reaction generated large excimer scintillation signals as
a result of charged-particle reaction products transfer-
ring their energy through electronic excitation and ion-
ization of noble-gas atoms. NGE yields increased with
the atomic number of the noble gases as excimer excita-
tion energies declined from 8.9 eV for Ar, to 8.0 eV for Kr,
to 7.0 eV for Xe35. Photon yields also increased with gas
pressure as a result of an increased frequency of collisions
between charged particles and noble gas atoms, an in-
creased frequency of excimer-forming collisions between
excited and ground state noble gas atoms, and higher
photon collection efficiency for smaller photon-emission
regions.
At 80 kPa for Ar, 53 kPa for Kr, and 40 kPa for
Xe, NGE emissions reached a plateau, indicating that at
these gas pressures no charged particle energy was lost to
the cell walls, and the photon emission volumes were pro-
duced completely within the line-of-sight of the photon
detector. This conclusion was confirmed by the results
of the TRIM simulations discussed above. Additionally,
NGE yields decreased with increasing target thickness
due to the larger average energy loss of charged particles
escaping thicker films. The saturation pressures were de-
pendent on the geometry of our reaction cell (i.e., the ra-
dius of the photocathode and the distance of the chamber
walls from the location of charged-particle emission). In
the saturation region, when the photon emission volume
was small and well defined, photon yields depended only
on the properties of the neutron absorbing targets and
not on the remaining detector geometry.
To understand the excimer photon yield per captured
neutron, excimer production and decay must be consid-
ered. As energetic charged particles travel through noble
gases, they deposit their energy by excitation and ioniza-
tion of the surrounding noble gas atoms. These processes
include,
R+A→ e+A+ +R′, (12)
R+A→ A∗ +R′, (13)
e+A+ → A∗, (14)
where R is a charged particle, A is a noble gas atom, e
is an electron, A+ is an ionized noble gas atom, R′ is
a charged particle of reduced energy, and A∗ is a noble
gas atom in an excited electronic state35. Excited noble-
gas atoms may decay through the radiative emission of a
FUV photon (hνa),
A∗ → A+ hνa. (15)
At increased pressures (103 Pa to 104 Pa), the prob-
ability of another atom reabsorbing this atomic photon
increases, and the photons become “trapped within the
gas volume. Independently, the likelihood of three-body
collisions also increases at higher pressures, leading to
excimer formation,
A∗ + 2A→ A∗2 +A, (16)
where A∗2 is a NGE. This reaction occurs on a time scale
of 10−11 s to 10−12 s35. The excimers may then decay by
emitting a photon,
A∗2 → 2A+ hνm. (17)
Variations in the amount of energy carried away by the
third body, as in Equation 16, and the repulsive nature
of the molecular ground state enable NGE emissions to
occur over broad molecular continua. Spontaneous radia-
tive decay times for simple excimers fall between 0.005 µs
and 5 µs36. Comparatively, dissociation times for weakly
bound molecular ground states may be as short as 10−13
s, on the timescale of a single molecular vibration. This
range of decay times is attributed to the different transi-
tion probabilities between the excimer singlet and triplet
states and the singlet ground state. The forbidden triplet
to singlet-state transition may have a characteristic de-
cay time two orders of magnitude longer than the singlet
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FIG. 11. Excimer scintillation yield from 10B(n,α)7Li in Xe
(top), Kr (middle), and Ar (bottom) at pressures to 107
kPa. Y-axis values represent excimer photons per neutron
absorbed. Insets distinguish different 10B target thicknesses.
Error bars represent combined uncertainties from various in-
puts as described in Table I.
to singlet-state decay. Collisions play an important role
in the decay process, thus decay times are strongly de-
pendent on gas pressure3,36. At higher pressures, triplet-
singlet transitions, aided by electronic and atomic colli-
sions, occur with increased probability. Therefore, both
the formation and the decay of excimers are more rapid
at high gas pressures.
VI. CONCLUSIONS
The observed excimer scintillation signals from the
10B(n,α)7Li reaction are comparable to the yields of some
liquid and solid neutron scintillators (for yields of other
scintillators see37). The low densities of noble gases in
these experiments translate to gamma sensitivities that
are inherently lower than liquid and solid scintillators.
We attribute the increase in the scintillation yield with
noble gas pressure to the increased frequency of inter-
actions between charged-particle reaction products and
noble gas atoms, and the increased probability of three-
body excimer-forming collisions.
The results of this work indicate the potential for NGE
to provide an efficient means of neutron detection. The
results also suggest ways in which to modify the current
arrangement to greatly increase detection efficiency. The
10B films used in these experiments absorbed at most 8
% of the incident neutrons. Thicker films will lead to
increased absorption, but will also attenuate the average
energy of the emerging ions. To avoid this attenuation,
10B films may be stacked in an array. While absorp-
tion in any single film will be small, the total absorption
through an array of 30 10B films, 1 µm thick, for example,
approaches 80 %. In the present experiment, ions emit-
ted toward the silicon substrate are often absorbed by
it. As a result, the ion yield is reduced by approximately
50 %. Supporting the 10B films on structures that allow
the unimpeded passage of the product ions can increase
efficiency.
A very large increase in efficiency can also be attained
by increasing the solid angle subtended by the photon
detector, the quantum efficiency of the photon detector,
and the reflectivity of the surfaces in the reaction cell. In-
creasing the solid angle may be accomplished with large
area detectors placed close to the 10B film target. While
this is not practical with existing FUV PMTs, rapid ad-
vances in extending the short wavelength sensitivity of
large silicon photomultipliers promise to produce practi-
cal devices that can be used to detect the FUV photons
with high efficiency over a large solid angle20,38. Addi-
tionally, the reflectivity and shapes of the reaction cell
surfaces may be further optimized for efficient photon
collection.
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